INTRODUCTION
Quercetin (3,3',4',5,7-pentahydroxyflavone) belongs to a class of polyphenolic flavonoid compounds present in fruits and vegetables and is associated with a reduced risk of cancer [1] . Therefore, quercetin has received much attention as a promising anticancer drug with little toxicity when administered orally or intravenously [2, 3] . The antitumor activity of quercetin has been tested in several cancers including breast [4] , colon [5] , gastric [6] , leukemic [7] and bladder cells [8] . Anticancer actions were attributed to several cellular mechanisms including apoptosis by triggering the generation of ROS [9] , and regulation of the cell cycle by modulating several molecular targets including p21 [10] , cyclin B [11] , p27 [12] , and topoisomerase II [13, 14] . However the ion channel-related cancer prevention cellular mechanism of quercetin is still not thoroughly understood, especially in bladder cancer cells. Although various expression and ion channel activity has been suggested to regulate proliferation, establishment, and progression of cancer [15] , it would be worthwhile to investigate the precise ion channel-related mechanism of quercetin in bladder cancer cells.
Quercetin has been suggested as an activator or inhibitor in Ca 2＋ channels [16, 17] , Ca
2＋
-activated K (KCa) channels [18, 19] , voltage-dependent K (KV) channels [20] , CFTR (cystic fibrosis transmembrane regulator) chloride channels [21] , and neurotransmitter-induced current [22] . Among these paths, the large conductance Ca 2＋ -activated K ＋ (BKCa) channel has been theorized as having relevance to cell proliferation, but this assumption is still controversial [23] [24] [25] [26] [27] . Since adjuvant therapy is needed following resection of superficial bladder cancer, quercetin could be useful as adjuvant nutrition in bladder cancer treatment. Hence, the study of ion channels in relation to cancer is recognized as a potential breakthrough for cancer diagnosis and therapy.
Thus, we investigated the relevance of BKCa and quercetin in the proliferation of bladder cancer cells. We found that quercetin-evoked BKCa channels participated in growth inhibition of human bladder cancer cells.
METHODS

Cell cultures
The human bladder carcinoma cell line 253J was obtained , and SK3 (311 bp) were detected and GAPDH (258 bp) was used as a positive control. (B) Characterization of Ca 2＋ activated K ＋ channels (KCa) using whole cell recording in 253J cells. Current held at −60 mV was applied by step pulse from −120 mV to 100 mV in increments of 20 mV for 150 ms. Pipette solutions contained 140 mM KCl, 1 mM MgCl2, 5 mM Mg-ATP, and 2 mM EGTA, and bath solutions contained 143 mM NaCl, 5.4 mM KCl, 0.5 mM NaH2PO4, 0.5 mM MgCl2, 1.8 mM CaCl2, 5 mM HEPES, and 10 mM glucose. Representative outward current was blocked by 5 mM tetraethylammonium (TEA) and 100 nM iberiotoxin (IBX), a MaxiK specific blocker. Arrow indicates zero current.
from the Department of Urology at Chungbuk National University. The cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 units per ml penicillin, and 100μg per ml streptomycin in a humidified incubator at 37 o C with 5% CO2.
Electrophysiology
Electrophysiological recording was performed in whole cell configurations [28] using a patch clamp amplifier (Axopatch 200B, Axon Instruments, Inc., Foster City, CA, USA). The patch pipettes were pulled from borosilicate capillaries (Harvard Apparatus Ltd., Edenbridge, Kent, UK) using a Narishige puller (PP-830, Tokyo, Japan). The patch pipettes used for whole cell configuration had a resistance of 2∼3 megaohms when filled with the pipette solutions. All recordings were performed at room temperature (22∼ 24 o C). The normal Tyrode's (NT) bath solution contained (mM); 143 NaCl, 5.4 KCl, 0.5 NaH2PO4, 0.5 MgCl2, 1.8 CaCl2, 5 HEPES, and 10 glucose, adjusted to pH 7.4 with sodium hydroxide (NaOH). When whole cell configuration was performed, the high-K ＋ pipette solution contained (mM); 150 KCl, 1 MgCl2, 5 Mg-ATP, and 2 EGTA, titrated to pH 7.2 with potassium hydroxide (KOH). Quercetin solutions were made in test medium from 1,000 times concentrated stock solution in dimethyl sulfoxide (DMSO) in final concentrations up to 100μM.
M embrane potential measurements by fluorescenceactivated cell sorting (FACS)
Acute changes in plasma membrane potential were measured by flow cytometry using bis (1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC4(3) dye; Invitrogen, Carlsbad, CA, USA). To measure the membrane potential in 253J cells, trypsinized cells was incubated in 100 nM DiBAC4(3) dye with NT solution for 10 min in the dark and then the mean fluorescence intensity (MFI) of the 253J cell population was analyzed with a FACSCalibur (Becton-Dickinson, San Jose, CA, USA) flow cytometer at a wavelength excitation of 488 nm. DiBAC4(3) was prepared in DMSO according to the manufacturer's instructions. All flow cytometric analyses were accomplished using Cell Quest software (Becton-Dickinson San Jose, CA, USA). Hyperpolarization of membrane potential produced a decrease in MFI or a shift to the left of fluorescence peaks.
Reverse transcription-polymerase chain reaction analysis (RT-PCR)
Total RNA (1μg) was used as a template with a firststrand cDNA synthesis kit, RT PreMix (Bioneer, Daejeon, Korea) for first-strand cDNA synthesis. RT-PCR was performed using 2μl of cDNA in a 30μl reaction containing 0. 
Proliferation assay
Cell proliferation was monitored using an XTT cell proliferation assay kit (Biological Industries Israel Beit-Haemek Ltd., Kibbutz Beit-Haemek, Israel). Approximately, 10,000 cells/ml of 253J cells were prepared in a 96-well plate containing 2% FBS, 100 units per ml penicillin, and 100μg per ml streptomycin. 253J cells treated with quercetin and a K channel blocker were grown in 96-well plates for three days in a final volume of 100μl/well of culture medium. After the incubation period, 50μl of the XTT labeling mixture was add to each well and incubated for 4 hr. The absorbance of the samples was measured with a SpectraMax M5e spectrophotometer (Molecular Devices, Sunnyvale, CA, USA) at a wavelength of 450∼500 nanometers. Reference absorbance to measure non-specific readings was measured with a wavelength of 630∼690 nanometers. Quercetin substantially activated the outward current dose dependently. Quercetin-evoked current continually recorded for 150 ms ramp pulse from −100 to 100 mV at a holding potential of −60 mV. The bath solution contained normal Tyrode's (NT) and 0μM, 1μM, 10μM, 30μM, 50μM, and 100μM quercetin. Each point represents the mean ± standard deviation of the mean (SD) (n=5). 
RESULTS
To investigate KCa channel functional expression, we performed RT-PCR and electrophysiological whole cell recording studies in 253J cells (Fig. 1) . In RT-PCR analysis, BKCa, or Maxi K, or KCa 1.1, and small conductance Ca 2＋ -activated K channel (SKCa) were expressed (Fig. 1A) . In whole cell configuration, the outward current was produced by voltage step pulse from −120 mV to 100 mV for 150 ms with 20 mV increments and 10 sec intervals. The outward current was blocked by K channel blockers such as tetraethylammonium (TEA; 5 mM) and iberiotoxin (IBX; 100 nM) a BKCa channel blocker (Fig. 1B) . These results showed that the outward current is mainly BKCa.
Many flavonoids are known to have anticancer properties; consequently, we screened flavonoids including EGCG, baicalein, curcumin, and quercetin for affects on the functional K channel in 253J cells. Among those analyzed, quercetin (50μM) provoked a remarkable increase in the outward K current (Fig. 2) which was reversibly recovered with quercetin-free solution. Quercetin-evoked outward current was completely inhibited by TEA and was recovered after removing TEA (Fig. 2A) . The quercetin-evoked outward current was also completely inhibited by IBX but was barely recovered with IBX-free solution (Fig. 2B) . Other K channel blockers such as 4-aminopyridin (transient outward K channel blocker) and apamin (small conductance KCa blocker) did not affect the quercetin-evoked outward current (data not shown). This result suggests that the quercetin-evoked current was BKCa but not SKCa. We next tested the dose dependency of the effects of quercetin on 253J cells. A graded increase of quercetin concentrations (0.1, 1, 10, 30, 50, and 100μM) produced an increase of outward current by ramp pulse from −100 to 100 mV at a holding potential of −60 mV (Fig. 2C) . Relative current measured at 60 mV was plotted as a function of quercetin. Based upon the reasonable assumption that 100μM quercetin produces maximal activation of KCa, averaged data from five patches were fitted to a Hill equation of the following form : y=1/(1＋(K1/2/[Qu]) n ), where K1/2 is the apparent concentration of quercetin that produces half-maximal activation (IC50) and n is the Hill coefficient (K1/2=45.5μM, n=2.7) (Fig. 2C, n=5) .
To observe changes in membrane potential with a K channel antagonist or quercetin, we investigated variations of MFI by FACS analysis using voltage sensitive dye DiBAC4(3) (100 nM) (Fig. 3) . DiBAC4(3), the anionic bis-oxonol dye is known to accumulate in the cytoplasm of depolarized cells [29] . Therefore, in FACS analysis, depolarization causes an increase in MFI or a shift to the right of fluorescence peak. To test whether the dye could reflect a change in resting membrane potential, we applied various K concentrations. MFI was increased with increasing extracellular K concen- (Fig. 3A) . We also observed the effects of pharmacological drugs with DiBAC4(3) (Fig. 3B) . MFI in TEA-treated cells increased compared to no blocker-treated cells (Fig. 3B) . In contrast, MFI in quercetin-treated (30μM) cells was decreased, indicating a hyperpolarization of membrane potential. The quercetin-evoked fluorescent peak was shifted right by TEA, indicating a depolarization compared to cells treated with quercetin alone (Fig. 3B) . These results suggested hyperpolarization by quercetin might involve K channel activation.
To explore the involvement of K channel on cell proliferation, we performed a proliferation test (XTT assay) in 253J cells (n=32). Cell viability was reduced to 30.3±13.5% (mean±standard error [SE] ) in the presence of quercetin and quercetin-induced decreased cell viability was prevented by adding TEA (52.3±10.5%, mean±SE) or IBX (72.9± 3.7%, mean±SE) in the presence of quercetin (Fig. 4) . On the contrary, application of a K channel blocker in quercetin-free solution had little affect on cell viability.
DISCUSSION
In the present study, we described functional expression of quercetin-evoked Ca 2＋ -activated K ＋ channel (KCa) current. The current is IBX-sensitive BKCa which influences the proliferation of bladder cancer 253J cells. Cellular mechanisms that link specific membrane K ＋ channels have been suggested to regulate cell growth. Maintaining the proper membrane voltage during proliferation is very important and mainly controlled by K ＋ channels [30] . Intracellular K ＋ depletion through K ＋ efflux by K ＋ channel activation is strongly related to apoptosis and proliferation by cell shrinkage [30] . Therefore, based on the FACS analysis and XTT assay (Fig. 3B, 4) , our study demonstrated that quercetin-evoked hyperpolarization is due to K ＋ efflux through BKCa activation and may eventually trigger apoptosis or inhibition of tumor cell proliferation, at least in bladder cancer cells. The involvement of BKCa in cell growth however is still controversial [26, 27] , although there is a close link between BKCa channels and cell proliferation [31, 32] and several published data have shown involvement of BKCa channels in tumor growth in various malignant cell lines [33] [34] [35] [36] . Abdullaev and colleagues [26] suggested that the BKCa channel lacked participation in cell proliferation in glioma cells. Roger and colleagues [27] proposed that the BKCa channel did not participated in cell proliferation under basal conditions in which the intracellular free Ca 2＋ is too low to activate BKCa. A latter report supports our present results with quercetin-untreated cells in that BKCa did not influence cell growth (Fig. 4) because TEA and IBX did not affect tumor cell proliferation in normal quercetin-free culture conditions. In addition, the suggestion that activation of BKCa in the presence of a Ca 2＋ stimulant such as ATP could inhibit cell proliferation [27] was also similar to our results showing quercetin-evoked BKCa being involved in cell growth inhibition. Therefore, we assume that there are TEA-or IBX-mediated antiproliferative mechanisms present based on the fact that blockade of cancer BKCa channels produced cell cycle arrest or apoptosis only in the presence of a BKCa channel stimulant such as quercetin.
Bladder cancer is the seventh most common cancer in Korean men and a majority of bladder cancers are transitional cell carcinoma (TCC) [37] . Since most cases are superficial tumors which are limited to the mucosa, intravesical administration of BCG (bacillus Calmette-Guerin) after transurethral resection is by far the most effective treatment [38, 39] . However, side effects with BCG therapy are common [39, 40] . Therefore, it is desirable to develop a non-toxic adjuvant treatment for patients with a high risk of recurrence after tumor resection and intravesical chemotherapy. Determining the possible use of K ＋ channel modulators as a new class of anti-neoplastic drugs is considered a worthwhile endeavor. In summary, large conductance Ca
2＋
-activated K ＋ channel (BKCa) current influenced the proliferation of bladder cancer cells only in the presence of quercetin. These results suggested that the BKCa channel may represent a valuable target for the anti-proliferative effects of quercetin in 253J cells. Based upon these results we are interested in further confirming a role for K ＋ channels in mitogenesis and bladder cell growth.
